Introduction
The internal disulfide linkage in the immunoglobulin fold is of particular importance for most proteins in the immunoglobulin superfamily because this linkage has a critical influence on the stability of these proteins (1, 2) . The linkage, which is highly conserved, connects two -sheets in a sandwich structure (3) (4) (5) (6) . In the case of antibody molecules, Goto and Hamaguchi were the first to analyze intrachain disulfide-bond formation in the constant fragments of the immunoglobulin light chain (C L ), demonstrating the contribution of the disulfide linkage to the stabilization and folding of the C L domain (1, 7) . For the variable fragment in antibody molecules (Fv), which is composed of heavy and light chain domains (V H and V L , respectively), the immunoglobulin fold is known to be partially and irreversibly denatured to an aggregate under reducing conditions (2) ; and, furthermore, the instability of the Fv that is missing its disulfide linkages has been proved by natural antibodies missing a disulfide linkage (8) and replacement of the essential cysteinyl residue by serine residue (9) . Recently, the folding kinetics and aggregation behavior of the single-chain Fv fragment (scFv) after removal of the disulfide linkages have been analyzed by fluorescence spectroscopy and a combination of mass spectrometry and an H/D exchange technique (10, 11) . In the folding of the disulfide-containing scFv in vitro, the presence GSSG and L-arginine influence the folding pathway.
In this paper, we present spectroscopic studies on the refolding process of the scFv from a mouse anti-lysozyme monoclonal antibody, HyHEL-10, in our stepwise dialysis system. We measured circular dichroism (CD) and tryptophan fluorescence emission spectra for the scFv solution at each stage to observe the conformational changes in the secondary and tertiary structures.
We also used 4,4'-dianilino-1,1'-binaphthyl-5,5'-disulfonic acid dipotassium salt (bis-ANS) analysis to probe hydrophobic-area formation on scFv during the dialysis; and the analysis indicated a correlation between aggregation and the formation of an exposed hydrophobic area on scFv.
Quantification of the free thiol groups in scFv, by means of Ellman's assay and mass spectrometry experiments, indicated that the pathway of disulfide-bond formation in the presence of L-arginine was essentially different from the pathway in the solution containing only GuHCl. The secondary structure and the number of free thiol groups for an aggregated scFv in the stepwise dialysis system were estimated by Fourier transform infrared (FT-IR) spectroscopy and Ellman's assay, and we discuss the factors leading to the formation of insoluble aggregates at each stage. The folding pathway for scFv depended strongly on the additives (GSSG and L-arginine), and the addition of these reagents at a particular stage enabled scFv to be refolded in high yield with recovery of biological activity. the number of the free thiol groups in a scFv was calculated from the extinction coefficient of nitrothiophenol, which is generated by reaction of DTNB with a thiol group. The exact extinction coefficient of nitrothiophenol was estimated in each solution by reaction with the reduced form of glutathione (GSH) because the coefficient depended on the concentrations of GuHCl and L-arginine.
For quantification of the free thiol groups in the aggregatged scFv in the stepwise dialysis, the aggregated particles were collected by centrifugation at each stage so that the insoluble particles aggregated at the different stage did not become mixed; e.g., the dialysis from 1 M GuHCl to 0.5 M was carried out after the removal of the aggregated particles formed at the 1 M stage. The aggregated scFv at each stage was dissolved in 6 M GuHCl at pH 5 before the assay was carried out.
Alkylation of the scFv at each stage in the stepwise dialysis. An iodoacetic acid solution (50 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA) was added to the scFv solution obtained from each stage (final concentrations: iodoacetic acid, 1 mM; scFv, 5 M), and the pH was adjusted to 8 with a NaOH solution. After 30 min, the alkylated-scFv solution was dialyzed to 2 M GuHCl to remove the residual iodoacetic acid and uniform the concentration of GuHCl. For alkylation of the scFv in the denatured state, the scFv solutions from each stage were dialyzed to 6 M GuHCl (100 mM potassium phosphate-HCl, pH 5, 1 mM EDTA), and then the iodoacetic acid solution was added to the denatured scFv solutions.
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Mass spectrometry. Mass spectra were measured on a REFLEX III matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometer (Bruker Analytische, GmbH, Germany) equipped with a nitrogen laser (337 nm). Sinapic acid (SA) was applied as a matrix and 
Results
Aggregate growth in the stepwise dialysis system. We used the absorbance at 320 nm as a probe for suspension of scFv in the stepwise dialysis system (Figure 2 
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Formation of secondary and tertiary structures. Figure 3 shows the CD spectra of scFv in the simple GuHCl solution at each stage of the stepwise dialysis. In the 6 M GuHCl solution, the CD spectrum of scFv showed no characteristic CD signals derived from secondary structure in the region of 215-225 nm and instead showed a rather large trough with a tail extending beyond 220 nm, which implies random structure (Figure 3a) . Spectra with extended tails were also observed for the 3 M and 2 M GuHCl solutions, and no secondary structure was observed (Figure 3b ,c). For the solutions of scFv in 1 M, 0.5 M, and 0 M GuHCl, the CD spectra were measured after insoluble scFv aggregates were removed by centrifugation. Although the CD spectra still indicated random structure in the 1 M and 0.5 M GuHCl solutions, the random component got small around 210-220 nm, and a new trough appeared at 218 nm (Figure 3d ,e).
The 218-nm trough could be derived from a polypeptide with -strand structure. In the 0 M GuHCl solution, in which scFv was folded, the 218-nm trough was also observed, and there was no CD signal for random structure (Figure 3f ). Therefore, the secondary structure of scFv was mainly formed upon dialysis from the 2 M GuHCl solution, and the refolded scFv has a structure rich in -strands. The CD spectrum of scFv at the 1 M GuHCl stage was also measured in the GuHCl solution with GSSG ( Figure 4) . Comparison of the spectra in the GuHCl solution with those in GuHCl-GSSG solution clearly showed that more -strand structure was formed in the presence of GSSG. Because L-arginine has strong CD intensity in the measured region, we could not measure the CD spectra of scFv in the GuHCl solutions with L-arginine.
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The folding of scFv in the dialysis system was also explored by means of the change in the tryptophan fluorescence emission maximum ( Figure 5 ). The scFv has six tryptophan residues (four in V H , and two in V L ), and all the residues except for Trp95 in V H are buried inside the native structure (27) . The tryptophan molecules in scFv showed an intense emission with a maximum at 353 nm in the 6 M GuHCl solution, and the emission was slightly blue-shifted in the 3 M and 2 M GuHCl solutions. These results indicate that the tryptophans were exposed to the hydrophilic solvent owing to the fact that scFv was unfolded at GuHCl concentrations higher than 2 M, even though the environment around tryptophans was a little changed by the decreasing of GuHCl to stabilize the hydrophobic area. At the 0 M GuHCl stage, at which GSSG and L-arginine were removed as well as GuHCl, the size of the hydrophobic area on scFv rapidly decreased in all cases ( Figure 6 ). This result suggests that the V L and V H domains become stacked at the final stage.
Quantification of the free thiol groups in scFv at each stage in the stepwise dialysis.
The free thiol groups in untreated and denatured (6 M GuHCl) scFv were quantified at each stage by means of Ellman's assay. The pH of the denaturing solution was adjusted to 5.0 in order to prevent formation of disulfide linkage in the denaturing process. The average number of free thiol groups in scFv at the 6 M GuHCl stage was 3.0 in spite of scFv having four thiol groups, indicating that a few thiol groups were naturally oxidized even in the 6 M GuHCl solution. When the GuHCl concentration was decreased from 6 M to 3 M, the number of free thiol groups in scFv decreased from 3 to 1.5 for the untreated scFv (Figure 7a ), whereas the same number of free thiol groups were detected in the scFv denatured from the 6 M and 3 M GuHCl stages (Figure 7b) . A similar discrepancy in the number of free thiol groups at the 3 M GuHCl stage was also observed at the 2 M GuHCl stage, although the difference was smaller than that at the 3 M GuHCl stage. This result reveals that the scFv structure in the 3 M and 2 M GuHCl solutions hinders DTNB access to the thiol groups, which supports the bis-ANS results suggesting that some structure was formed at the 3 M and 2 M GuHCl stages.
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In the dialysis from 2 M GuHCl, oxidation of free thiol groups was significantly dependent upon the composition of the refolding solutions. In the GuHCl solution without additives (Figure 7a ), the free thiol groups in the 2 M GuHCl solution were spontaneously oxidized by disulfide-bond formation only in the dialysis from 2 M to 1 M; and consequently, some free thiol groups remained even at the 0 M GuHCl stage. These results indicate that natural oxidization cannot make a sufficient number of disulfide linkages in scFv. For the GuHCl solutions with GSSG, Ellman's assay was used after complete exclusion of the oxidizing reagent by dialysis. The assay showed that the addition of GSSG left few free thiol groups at the 1 M and 0.5 M GuHCl stages ( Figure 7b ). We attempted to detect the binding of GSSG to scFv by mass spectrometry, but the scFv without GSSG was enhanced in the GuHCl-GSSG solution at the 1 M GuHCl stage (data not shown). Therefore, the addition of GSSG enabled sufficient disulfide-bond formation in scFv at the 1 M GuHCl stage.
Ellman's assay also distinguished an essentially distinct disulfide-bond formation pathway in the presence of L-arginine (Figure 7c ). In the presence of L-arginine, the results differed from those observed for the simple GuHCl and GuHCl-GSSG solutions (Figure 7a 14 Disulfide-bond formation in the optimal GuHCl solution occurred by the same pathway as in the GuHCl-GSSG solution (Figure 7b,d) , and mass spectrometry showed enhancement of scFv without GSSG at the 1 M GuHCl stage (data not shown). Therefore, the addition of GSSG can lead to sufficient disulfide-bond formation between free thiol groups in the stepwise dialysis even in the presence of L-arginine. Although we carried out SDS-polyacrylamide gel electrophoresis (PAGE) for all the refolding solutions in order to detect interchain disulfide-bond formation, we observed little scFv dimer or trimer in the gel (data not shown). Furthermore, attempt of digestion with endoproteinase Lys-C detects no incorrect disulfide linkages for the scFv at each stage (data not shown). Hence, the thiol groups in scFv formed a correct intrachain linkage in all cases in this study. However, the band of the unmethylated scFv was more intense at the 3 M and 2 M GuHCl stages than at the 6 M stage, and the band intensity was inversely proportional to the GuHCl concentration at which scFv was alkylated (Figure 8a-2,a-3 ).
In contrast, the spectra of the scFv alkylated after denaturation from each GuHCl stage by the dialysis to the denaturing solution (6 M GuHCl, pH 5.0) were the same (Figure 8b ). In light of the results of Ellman's assay, this result can be explained by the existence of a structure around the thiol groups that hinders the access of the alkylating agent in the 3 M and 2 M GuHCl solutions.
Discussion
The formation of disulfide linkages in the stepwise dialysis system. For the folding of scFv in the stepwise dialysis system, we have provided abundant spectroscopic data on the formation of secondary and tertiary structures, hydrophobic areas, and disulfide linkages; the folding processes are illustrated in Figure 11 . When the GuHCl concentration was reduced from 6 M to 2 M, we observed a structure in which the thiol groups were inaccessible to DTNB and iodoacetic acid, even though the structure had no distinct secondary or tertiary structure ( Figure   11a ).
In the GuHCl solution without additives (i.e., the simple GuHCl solution), the CD spectrum showed -strand formation at a GuHCl concentration of 1 M (Figure 3) , and the formation of tertiary structure was also observed at the same stage in tryptophan fluorescence emission experiments ( Figure 5 ). Interestingly, most of the thiol groups in scFv were naturally oxidized at the 1 M GuHCl stage, and no further oxidation of the residual thiol groups to disulfide linkages occurred at the stages after 1 M (Figure 7a ). Goto and Hamaguchi's regeneration study of the reduced constant fragment has demonstrated that the proximity of a pair of cysteinyl residues to each other is essential for the formation of a disulfide linkage and that the thiol groups are not easily oxidized in the interior of protein molecules (30) .
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In our study, disulfide-bond formation was strongly coupled to the formation of secondary and tertiary structures and resulted from the proximity of a native pair of cysteinyl residues in a native-like intermediate that formed at the 1 M GuHCl stage (Figure 11b) . At the stages after 1 M, steric constrains prevented oxidation of the residual thiol groups to disulfide linkages. Therefore, the introduction of thiol-disulfide interchange reaction by GSSG at the 1 M GuHCl stage was best suited for making the correct disulfide linkages since each native pair of cysteinyl residues in the V H and V L domains were in close proximity to each other at this stage.
The importance of the disulfide linkage in the immunoglobulin fold has been demonstrated in a large number of studies (2, 10, 19) , and recent studies on disulfide-free antibody suggest that the stabilization of the disulfide-free antibodies requires amino acid exchange to compensate for the loss of folding stability upon cleavage of the disulfide linkage, although a functional disulfide-free scFv can be obtained (31) (32) (33) . A mutation study on the scFv of the antibody hu4D5-8 against the extracellular domain of human epidermal growth factor receptor-2 indicates that the wild-type 4D5 scFv with a disulfide linkage in each of V H and V L domains has a higher midpoint of denaturation in the equilibrium transition than the variants lacking one or two disulfide linkages (10) , which means that the 4D5 scFv with the native disulfide linkages is folded at a higher GuHCl concentration than the variants.
In our study, the trough derived from the -strand structure that was observed in the CD spectrum in the presence of GSSG at the 1 M GuHCl stage was more distinct than that observed in the CD spectrum of the simple GuHCl solution (Figure 4) . The change in the tryptophan fluorescence emission maximum also showed more scFv folding in the GuHCl-GSSG solution than in the simple GuHCl solution ( Figure 5 ). The sufficient disulfide-bond formation in scFv caused by the addition of GSSG accelerated the formation of the immunoglobulin fold (Figure 11b ). In the simple GuHCl solution at the 1 M GuHCl stage, scFv formed an aggregate with more free thiol groups than in the soluble scFv, whereas no aggregated scFv was formed in the GuHCl-GSSG solution at the same stage (Table1). Effect of L-arginine on the folding of scFv in the stepwise dialysis system. In the GuHCl-GSSG solution, the essential factor that suppressed aggregation of scFv at the 1 M GuHCl stage was the immediate formation of native disulfide linkages by GSSG, linkages that stabilized a native-like intermediate state (Figure 11b ). In contrast, few of the disulfide linkages in the GuHCl-L-arginine solution were formed at the 1 M GuHCl stage, despite the fact that there was no aggregation of scFv (Figures 2 and 7c) . Although the CD spectra of scFv could not be measured in the presence of L-arginine, owing to the strong CD activity of L-arginine, the changes in the tryptophan fluorescence emission spectra in the dialysis system showed that the scFv with a partially folded structure but no disulfide linkages was stabilized at the 1 M GuHCl stage by has an -helix as a secondary structure (38) , the possibility that the addition of GSH in the stepwise dialysis system improves the yield of correct folding is strongly dependent upon the native structure.
The refolding process with thiol-disulfide interchange reaction in the stepwise dialysis system will be reported in the future.
Conclusion
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Various spectroscopic data were used to elucidate the folding process of scFv from the denatured and reduced state in the stepwise dialysis system. Disulfide-bond formation occurred at the particular stage when the secondary and tertiary structures were formed, and the formation of 
